The reaction between staphylococcal a-toxin and a toxin-inactivating substance (TIS) excreted by Penicillium cyaneo-fulvum was found to proceed optimally at about pH 7-8, and in the temperature range 3644'. A modified assay method, based on these findings, was used to follow TIS excretion by the mould. Appearance of the active principle in the culture filtrate followed closely upon the period of active sugar utilization by the mould. TIS was excreted in quiescent cultures, but not in shake cultures. The presence of certain nutritional factors found in beef heart infusion appeared to be necessary for TIS excretion, since detoxifying activity could not be detected in filtrates from cultures of the mould grown in the absence of this nitrogen source. The marked correlation between detoxifying and protease activities of culture filtrates during growth of the mould under various conditions, as well as during purification of TIS, and its inactivation by heat and by DFP, suggested that both activities were manifestations of the same enzymic reaction.
The ability of certain moulds and bacteria to produce substances capable of inactivating bacterial toxins was first noted by Metchnikoff (1897). Other toxin-inactivating substances of microbial origin have since been reported (Ramon & Richou, 1945;  Cavalli, 1947;  Smolens, McAleer & McLaren, 1947; Del Vecchio, Del Vecchio, Napoli & Argenziano, 1948;  Villa, 1950;  Richou & Gerbeaux, 1952;  Liu, 1954) , although none has been characterized, nor have their modes of action been elucidated. Recently, Murray, Denton & Stevenson (1957) showed that filtrates from cultures of a strain of Penicillium cyaneofulvum were capable of detoxifying staphylococcal a-and ,&haemolysins, streptolysins 0 and S, the toxins of Corynebacterium diphtheriae and Haemophilus pertussis, and clostridial toxins. These workers also reported that toxins which had been inactivated by this mould product retained their antigenic properties.
The results from a study of the reaction between staphylococcal a-toxin and the toxin-inactivating substance (TIS) excreted by Penicillium cyaneo-fulvum have been reported briefly by Rose & Martin (1958) . The present paper gives a more detailed account of these studies, and of the development of an improved method for assaying TIS. Data are also presented which suggest that the detoxifying action of this mould product is due entirely to its proteolytic activity. (Murray et al. 1957) . Stock cultures were stored in soil (Greene & Fred, 1984) , while cultures used in routine studies were maintained on slopes of Sabouraud maltose agar (' Difco '). Spore suspensions for inoculation were obtained by flooding slope cultures with sterile water and scraping the mould surface with a sterile wire. Liquid media were inoculated with 1 yo (v/v) Media. When growing Penicillium cyaneo-fulvum for the preparation of partially purified TIS, 500 ml. portions of glucose-beef heart infusion-peptone medium (Murray et al. 1957) were employed.
Excretion of TIS by the mould was studied in a basal medium ( Table 1) containing one of the following nitrogen sources :
(a) Bacto beef heart infusion ('Difco'), 5 % (w/v) and/or proteose peptone ('Difco') 1% (w/v).
(b)
Vitamin-free casein acid hydrolysate (Wyeth Corporation), 2.5 yo (w/v) .
The final pH of each medium was 7.0. Media were dispensed in 50 ml. portions into 500 ml. conical flasks, and autoclaved at 15 lb./sq.in. for 5 min.
(4 (NH412S04, 0.3% (wIv)* Production and partial purijication of TIS. Cultures (500 ml.) in 2 1.
Fernbach flasks were removed after 6-7 days quiescent incubation (when the pH had reached 8.5-8.7). Combined culture filtrates were adjusted to pH 7.0, transferred to a separating funnel and saturated with ammonium sulphate. The solid material which rose to the surface was recovered and redissolved in water. After exhaustive dialysis, the solution was freeze dried. A toxin-inactivating substance 453 immersed in a dry ice + ethanol bath during the addition. Precipitated toxin was removed by centrifugation and was washed with a mixture of 16.5 ml. ethanol and 3.5 ml. physiological buffer a t pH 7.8 (Jackson & Little, 1957) .
The precipitate was dissolved in a neutral 2 yo (w/v) ethylene diamine-tetraacetate (EDTA), using 1 ml. of solution for each 10 ml. of original filtrate. The solution was finally dialysed against cold distilled water for 3 hr., using two or three changes of water. Toxin solution prepared by this procedure had approximately 30% of the activity of the original filtrates.
Assay of staphylococcal a-toxin. Toxin was assayed by determining its haemolytic activity in 0.5 ml. of a 1 % (v/v) suspension of washed rabbit erythrocytes in physiological buffer, pH 7.8, after incubation a t 37' for 1 hr. The potency of toxin solutions was expressed in Burnet Units, a unit being defined as the smallest quantity of toxin that will produce 50% haemolysis in 1 ml.
of a 1 % (v/v) suspension of erythrocytes, after incubation for 1 hr. at 37" (Roy, 1937) . Toxin-inactivating activity was expressed in Burnet Unit equivalents, one TIS unit being defined as the amount of TIS required to inactivate one Burnet Unit of toxin, Analytical methods. Protease activities were estimated by measuring the amount of tyrosine liberated during digestion of a 2 % solution of sodium caseinate (Husain & McDonald, 1958) . The reaction mixture consisted of 9.0 ml. of substrate (pH 7 4 ) , to which was added 1.0 ml. of TIS solution (containing 2-0-5.0 mg./ml.) or 1-0 ml. of culture filtrate; control mixtures contained 1.0 ml. of water. At zero time and after 9 hr. incubation a t 87", 2.0 ml. samples of the reaction mixture were removed, mixed with an equal volume of O.6~-trichloroacetic acid, and filtered. The tyrosine contents of the filtrates were determined by the method of Anson 
RESULTS

Assay of the toxin-inactivating substance
The method used by Murray et al. (1957) for determining TIS activity followed conventional serological techniques and involved adding an equal volume of filtrate or TIS solution to each tube of serially diluted crude toxin, and incubating for 1 hr. Washed rabbit erythrocytes were added to each of the tubes, which were then incubated a t 37" for a further hour. The TIS activity of the filtrate or solution was calculated from the apparent decrease in toxin concentration. This method, however, was found to give inconsistent, and in some instances, completely erroneous results. Since a single reaction mixture containing excess substrate (toxin) and limiting amounts of TIS was clearly preferable to using a series of mixtures in which the toxin concentration varied continuously, it was decided that the detoxifying reaction could best be 29-2 A. H . Base and S . M . Martin studied by reacting TIS with excess toxin, and then determining the residual toxin by serial dilution. Preliminary experiments had indicated that mould culture filtrates contained substances which interfered with the assay procedure. The effect of these substances on the haemolysis of rabbit erythrocytes would therefore be decreased substantially by serial dilution of a sample from a single reaction mixture. This is particularly important in view of the findings (Bernheimer, 1947; Jackson & Little, 1957) that haemolysis can be inhibited by certain sugars and organic acids. On the basis of possible interference by substances in the staphylococcal culture filtrate, it was also deemed advisable to employ purified toxin preparations. Finally, serial dilution of the samples taken from the single reaction mixture served as a convenient means of stopping the toxin + TIS reaction.
Factors aflecting the inactivation of toxin by T I S
Haemolysis of rabbit erythrocytes by staphylococcal a-toxin occurred optimally at pH7.8 ( Fig. 1 ). This value was higher than that found by Jackson & Little (1957) who obtained maximum lysis at pH 6.8-7.0, using toxin from a different strain of Staphylococcus aureus. The effect of pH on the inactivation of toxin by TIS is also shown in Fig. 1 (-@-@-) at 37'. Toxin activity is in unitslml., and TIS activity in unitslmg. Inactivation of toxin by TIS was also dependent upon temperature ( Fig. Z) , maximum activity being found in the range 36-44'. The apparently complete inhibition of the detoxifying reaction at 2-3" was of particular interest, in that it indicated that the reaction could be stopped by diluting a sample from a reaction mixture with cold buffer, a procedure which proved useful when following the course of the toxin+TIS reaction.
These results ( Figs. 1 and 2) suggest that the inactivation of toxin is a relatively slow reaction, since considerable detoxification occurred during the second hour of incubation. The course of the toxin + TIS reaction was therefore examined in more detail. The results (Fig. 3) showed a linear relationship between TIS activity and time during the early part of the reaction, with the rate of reaction decreasing rapidly as detoxification neared completion. 
TIS activity is in units/ml.
Assay procedure. A method for assaying TIS activity was based on the observations reported above. To a portion of toxin (usually 0.5 ml.), adjusted to pH 7.8, was added an equal volume of TIS solution or culture filtrate diluted with physiological buffer at pH 7.8. The mixture was incubated for 2 hr. at No, along with control mixtures containing 0.5 ml. of water instead of toxin. The toxin contents of the control and of the reaction mixture were then determined as above. It was essential to adjust the TIS content of the reaction mixture such that not more than 75% of the toxin in the mixture was inactivated, thereby ensuring that the rate of inactivation was linear during the 2 hr. incubation period. When assaying culture filtrates, it was necessary to dilute the filtrates with at least an equal volume of buffer, as they contained substances which interfered with the inactivation reaction. An incubation period of 2 hr. was considered suitable in that it enabled small amounts of activity to be measured.
Characterization of the toxin-inactivating substance
The results from the study of factors affecting inactivation of toxin by the mould product suggested a possible enzymic role for TIS. Purified preparations of TIS were therefore examined for enzyme activities that could explain their detoxifying action. This revealed that detoxifying activity in TIS preparations and in culture filtrates was always accompanied by marked protease activity. It was essential therefore to establish the relationship between toxin-inactivating and protease activity, and to ascertain the extent to which protease activity contributed to the detoxifying action of TIS preparations and of culture filtrates. Figure 4 shows the course of TIS excretion by the mould growing in quiescent medium containing beef heart infusion and peptone, in relation to sugar utilization, and to changes in pH and protease content of the culture filtrate. Filtrates obtained during the first 60 hr. of incubation did not contain detectable amounts of TIS; but as sugar utilization neared completion, TIS was excreted. Protease activity was detectable in culture filtrates before TIS could be demonstrated, although both activities reached a maximum after 100-120 hr. incubation. Further incubation was accompanied by a slight decline in both activities.
When the mould was grown in a medium containing only beef heart infusion as a nitrogen source, the TIS and protease contents of culture filtrates did not reach a maximum until the cultures were 8 days old, corresponding to a delay of 24 hr. when compared with excretion in a beef-heart-infusion peptone medium. Filtrates from cultures grown in media containing peptone, casamino acids, or ammonium sulphate as a nitrogen source did not contain detectable amounts of TIS; slight protease activity was occasionally found in these filtrates, but this never attained the values that are associated with detoxifying activity ( Table 2) . Filtrates from shake cultures of the mould grown in media containing any of these nitrogen sources were also devoid of toxin- A toxin-inactivating substance 457 inactivating ability, although they frequently had slight protease activity ( Table 2) .
In order to examine further the correlation between toxin-inactivating and protease activities, the active principle (TIS) in filtrates from 6 to 7-day-old cultures of the mould, grown on a beef-heart-infusion peptone medium, was 1957), and ammonium sulphate fractionation. The following purification procedure was used : copper sulphate was added to the culture filtrate (350 mi.) to a concentration of 1 yo (w/v) , and the resulting precipitate removed by centrifugation and discarded. The precipitate obtained on adjusting the pH of the supernatant to 7.8 was also discarded. Saturation of the remaining solution with ammonium sulphate gave a precipitate which was dissolved in EDTA solution (~/ 1 0 0 0 ) and reprecipitated a t full saturation. This second precipitate (fraction I) was dissolved in EDTA solution, and the pH adjusted to 7-8. The precipitates obtained by adding ammonium sulphate to this solution to 40% (fraction 11) and 60 yo (fraction 111) saturation were then separated. Further fractions were obtained from an EDTA solution of fraction I11 by adding two volumes (fraction IV) and four volumes (fraction V) of saturated ammonium sulphate. Saturation of the remaining supernatant with ammonium sulphate gave the final fraction (fraction VI). All fractions were dissolved in ~/ 1 0 0 0 versene solution, fraction I in 60 ml. (10 ml. retained for assay), fraction I1 in 10 ml., fraction I11 in 25 ml. ( 5 ml. retained for assay), and fractions IV, V and VI in 5 ml. Solutions were dialysed against distilled water, and adjusted to pH 7.8.
As shown in Table 3 , this procedure for purifying TIS led to a seven-fold increase in specific activity (related to protein content). With each fraction, any increase or decrease in TIS activity was always accompanied by a corresponding change in protease activity. S and protease activities of fractions from copper sulphate precipitation and ammonium sulphate fractionation of a mould (pH 7.0) , and the total volume diluted to 6.0 ml. with phosphate buffer (pH 7-0). Samples were removed after 10 and 20 min. incubation at 37", and immediately assayed for TIS and protease. Incubation of TIS solutions (2.0 mg./ml.) in phosphate buffer (pH 7.8) a t 60' for 60 min. led to the complete destruction of both toxin-inactivating and protease activities (Fig. 5) . Shorter heat treatments brought about a quantitatively similar destruction of both activities (Fig. 5) .
TIS activity Protease activity Period of
Treatment of proteolytic enzymes with various alkoxyphosphates, including diisopropylfluorophosphate (DFP) is also known to bring about an inhibition of enzyme activity (Balls & Jansen, 1952) . When TIS solutions (2.0 mg./ml.) in phosphate buffer (pH 7.0) were treated with DFP at concentrations of 1 0 -3~ or higher, there was a complete inhibition of detoxifying activity, and a near complete inhibition of protease activity. A small percentage of protease activity always remains after DFP inactivation (Balls & Jansen, 1952) . Lower concentrations of DFP (~O -* M and 1 0 -5~) caused a partial, but nevertheless quantitatively similar inhibition of both activities (Table 4) .
DISCUSSION
The findings presented in this paper substantially confirm the work of Murray et al. (1957) , who demonstrated that culture filtrates of Penicillium cyaneofulvum, grown in a glucose-beef-heart-infusion peptone medium, contained a non-dialysable substance, capable of destroying the haemolytic activity of staphylococcal a-toxin. However, the observation that the detoxifying action was extremely rapid could not be substantiated. On the contrary, it was shown that, under the experimental conditions employed, the reaction was still proceeding after 2 hr. incubation. The modified assay for TIS gave consistent and reproducible results and, from both the theoretical and experimental aspects, appeared to be preferable to the method used by Murray et al.
(1957).
Although the effects of pH, temperature and incubation time on the toxin-TIS reaction were examined primarily with the object of establishing the basis of an assay method, the curves showing the effects of pH and temperature suggest a catalytic role for the action of TIS on toxin, Moreover, the marked correlation between detoxifying and protease activities in all of the preparations studied, both during growth of the mould under various conditions and during purification of TIS, was extremely suggestive of a fundamental relationship between these two activities. The inability to demonstrate detoxifying activity in filtrates possessing low protease activity can probably be explained by a lack of sensitivity inherent in the TIS assay.
The possibility that both detoxifying and protease activities were manifested by the same agent became even more apparent from the closely similar effects of heat, and particularly of DFP on TIS preparations. Inactivation of proteolytic enzymes by DFP is thought to result from the introduction of isopropyl and phosphate groups on the active sites on the enzyme molecule, thereby preventing enzyme turnover (Jansen, Nutting, Jang & Balls, 1950) . The fact that complete inhibition of protease activity in TIS preparations following DFP treatment was accompanied by the disappearance of detoxifying activity suggested that one or more of the active sites implicated in protein breakdown were also essential for toxin inactivation. This was further substantiated by the parallel effects of lower concentrations of DFP on the two activities. Protease inhibition by DFP is confined largely to endopeptidases, the inhibitor being ineffective against carboxypeptidase and many aminopeptidases (Neurath, 1957) , which suggests that the enzyme excreted by Perzicillium cyaneo-fulvum is an endopeptidase.
Direct evidence of a proteolytic degradation of toxin by detecting tyrosine liberation could not be established, due presumably to the extremely small amount of protein in the toxin preparations employed. Nevertheless, the data presented in this paper strongly suggest that the detoxifying activity 'in culture filtrates of Penicillium cyaneo-fulvum is wholly attributable to proteolytic degradation of the toxin protein. This does not preclude the possibility that several proteases are excreted by the mould, and that only certain of these are involved in toxin inactivation.
Inactivation of bacterial toxins by proteolytic enzymes has been noted by many workers (Walbum, 1929; Brandwijk & Tasman, 1937;  Smythe & Harris, 1940; Parfentjev, Clapp & Waldschmidt, 1941) . In one of the few detailed studies on this phenomenon, Parfentjev et al. (1941) observed that staphylococcal toxin that had been inactivated with pepsin retained its antigenic properties. The proteolytic activity of the detoxifying substance excreted by Penicillium cyaneo-fulvum could therefore explain the observed toxoiding action of TIS (Tanner, 1958) .
